efficacy than that of conventional emulsion formulations. The idea and approach presented in this work have potential application in the pesticide industry.
Introduction
In modern agriculture, pesticides are important agrochemicals for stabilizing agricultural production and improving the quality of products. Unfortunately, depending on the application and climatic conditions, as much as 90% of the applied agrochemicals never reach their objective to produce the desired biological response. 1, 2) Because of their high volatility, low stability against environmental degradation (photolytic, hydrolytic, and microbial) and invariable leaching, to achieve the optimum insecticidal effect, it is necessary to apply pesticides onto agricultural land by spraying at high concentration or spraying repeatedly.
3) Excessive application of pesticides is known to be one of the biggest causes of global environmental pollution, having harmful effects on ecological systems, contamination of agricultural products, soil, surface and ground waters, and loss of biodiversity. 4, 5) To resolve such issues, it is necessary to develop new pesticide formulations. [6] [7] [8] [9] Based on the controlled release technique, it has been found that the microencapsulation of pesticides is a promising solution; therefore, in recent years, many papers have reported the preparation of microcapsules and microencapsulation of pesticides. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Chlorpyrifos is a broad-spectrum photodegradable insecticide widely used to control coleopteran, dipteral, and lepidoptera in soil or on the foliage of citrus, coffee, cotton, maize, and sugar beet, ectoparasites on cattle and sheep, and household pests and mosquitoes. 16, 21) Its microencapsulation with non-crosslinked polyurea walls has been reported by Zhang et al., 17) but its very important characteristics, such as release, stability and bioassay results, were not shown in their paper. In the present work, we reported the preparation, characterization and stability of chlorpyrifos-containing microcapsules with crosslinked polyurea walls. In addition, a bioassay of chlorpyrifos-containing microcapsule formulation (CCF) was carried out by comparing with the conventional formulation, the chlorpyrifos emulsion formulation (CEF) formed by incorporating chlorpyrifos into the aqueous phase containing an emulsifier, using a homogenizer at high dispersal speed.
22)

Materials and Methods
Materials
Trimer of isophorone diisocyanate (TIPDI) and triethylenetetramine (TETA) as wall-forming materials were purchased from Bayer (China) Co., Ltd. and Shanghai Chemical Reagent Co. (China), respectively. Xanthan gum (M w ϭ4,500,000) and sodium dodecyl sulfate (SDS) as stabilizers in the aqueous phase, benzene as a solvent in the oil phase, and n-hexane as an extractant were obtained from Shanghai Chemical Reagent Co. All chemicals were of reagent grade and used without further purification. Chlorpyrifos with a purity of 97% (mass The objective of this work was to explore the possible efficient application of pesticides in an environmentally friendly way. The present paper reports the preparation, characterization and bioassay of chlorpyrifos-containing microcapsules. With trimer of isophorone diisocyanate and triethylenetetramine as wall-forming materials, sodium dodecylsulfate and xanthan gum as stabilizers, and an emulsifying speed of 3000 rpm for 12 min, chlorpyrifos-containing microcapsules, with a diameter ranging 2-7 mm and an initial encapsulation rate of 94.7%, were prepared by fast interfacial polymerization at room temperature. Formulations based on the prepared microcapsules are stable in neutral medium and release chlorpyrifos in both acidic and alkaline media. The results of bioassay against 3 rd -instar Spodoptera litura larvae showed that microcapsule formulations had more sustainable
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fraction) was obtained from Guangzhou Agrochemicals Co., Ltd.
Insects
Third instar Spodoptera litura larvae used for biotoxicity tests were obtained from the Institute of Entomology, South China Agricultural University. The larvae were fed an artificial diet consisting of, by mass, 40% soybean meal, 40% mulberry leaf powder, 10% agar and 10% special additives, and were bred in a pest control room at a constant temperature of 25Ϯ1°C.
UV absorption and standard curve for chlorpyrifos
Chlorpyrifos n-hexane solution (100 mg/l) was prepared by dissolving chlorpyrifos (0.0100 g) in n-hexane (100 ml).
Using n-hexane as the reference, the solution was scanned in the range of 190-400 nm with a spectrophotometer (UV-2500; Shimadzu Co., Japan) in a 1 cm thick colorimetric vessel. There were three absorption peaks at 197, 229 and 292 nm, respectively. In order to avoid interference in accuracy from the solvent, an absorption wavelength of 292 nm was selected as the optimal UV absorption wavelength in this study. A series of n-hexane chlorpyrifos diluted solutions was prepared to obtain the standard curve. The linear relationship between the concentration of chlorpyrifos and absorbance ranging from 10 to 60 mg/l was obtained.
Preparation of microcapsules
First, a water continuous phase was formed by homogenizing a mixture of distilled water (150 mL), xanthan gum (0.3 g), TETA (1 g), and SDS (0.6 g). A dispersed phase was obtained by dissolving TIPDI (2 g) and chlorpyrifos (2 g) in benzene (4 g). The dispersed phase was quickly introduced into the continuous phase and vigorously emulsified with a homogenizer (SGC400-B; Shanggui Co., Ltd., China) at 3000 rpm for 12 min at ambient temperature. At the same time, chlorpyrifoscontaining microcapsules with crosslinked polyurea walls were formed by a fast interfacial polymerization reaction between active hydrogen in TETA and an active isocyanate group in multi-functional TIPDI at the phase interface of emulsion globules. The diameter of the obtained microcapsules was in the range 2-7 mm. The initial encapsulation rate of chlorpyrifos was 94.7%. To obtain microcapsule samples for characterization, the microcapsule suspension (10 g) was withdrawn, filtered, and then washed with distilled water and 30% ethanol to remove all chemicals on the surface, and was finally dried in a oven at 50°C for 24 hr.
Measurement of the encapsulation rate
To measure the encapsulation rate (ER) of chlorpyrifos, at the initial or given times, a uniform chlorpyrifos-containing microcapsule suspension (5 g) was withdrawn and then extracted with n-hexane (3ϫ10 ml). After combining the supernatant liquids containing all unencapsuled chlorpyrifos, the supernatant liquid was diluted with n-hexane to a suitable concentration and the amount of chlorpyrifos was measured with an ultraviolet spectrophotometer. The ER was calculated by the following equation:
Where m 0 is the total mass of chlorpyrifos in the withdrawn suspension and obtained directly from the experimental formula, and m t is the mass of chlorpyrifos in the supernatant liquid.
Microcapsule characterization
The mean diameter of the microcapsules fabricated in this study was determined by a Mastersizer 2000 image analyzer (Malvern Instruments Ltd., UK). The surface morphology of the microcapsules was observed with a scanning electron microscope (SEM) (JEOL JSM-5400, Japan). The infrared spectra of the chlorpyrifos, the wall material (crosslinked polyurea synthesized by the reaction of TIPDI and TETA) and chlorpyrifos-containing microcapsules were obtained with a FTIR spectrometer (Nicolet AVATAR 360 FTIR, ThermoFisher Scientific Waltham, MA, USA). TGA curves of chlorpyrifos and chlorpyrifos-loaded microcapsules were obtained with a DTG-60 Simultaneous DTA-TGA Apparatus (Shimadzu Co., Japan) at a heating rate of 10°C/min under a nitrogen gas atmosphere.
Stability of chlorpyrifos-containing microcapsules
By evaluating the change in ER over time, the stability of chlorpyrifos-containing microcapsules in medium at a given pH value at room temperature was investigated. To measure ER at pH 5 and pH 9, the initial suspension (pH 7) was mixed with pH 5 (or pH 9) phosphate buffer solution in equal volume. At selected time intervals, ER was measured by the method described before.
Bioassay
Bioassays were conducted in the pest control room at a constant temperature of 25Ϯ1°C under natural light. The formulations applied were CEFs prepared by the traditional method and the CCFs obtained in this study. 22) The tests involved five concentration treatments (160, 80, 40, 20 and 10 mg/l) and three replicates for each treatment. According to the experimental formula, the initial concentration of chlorpyrifos in the uniform suspension was 1.28 wt%; therefore, concentrations (160, 80, 40, 20 and 10 mg/l) were obtained by diluting the initial uniform suspension with distilled water. To prepare bait for the bioassay, the artificial diet (10 g) was mixed with 10 g of the corresponding concentration formulation, and then the mixture was air-dried and transferred into Petri dishes (3 cm high and 10 cm diameter). Ten 3 rd -instar S. litura larvae were then placed in each dish, the number of dead individuals was recorded after 1 day, and the 24-hr mortality and LC 50 were determined. Thereafter, the individuals, alive or dead, were re-moved from all dishes, and new batches of larvae were introduced into Petri dishes on the 3 rd 
Results
Characterization
The prepared microcapsules are spheroidal and the surfaces of the individual microcapsules are wrinkled (Fig. 1) . Chlorpyrifos, the wall material and chlorpyrifos-loaded microcapsules were characterized by FTIR spectra (Fig. 2) . Characteristic absorption peaks (Fig. 2a) , N-H stretching, CϭO (-NHCONH-) stretching, and N-C stretching were observed at about 3450, 1640 and 1550 cm -1 , respectively, which is evidence of the presence of polyurea. The characteristic absorption peaks of chlorpyrifos observed at 690, 850, 1023, 1412, and 2983 cm Ϫ1 were assigned as C-Cl (Py-Cl) stretching,
-PϭS stretching, P-O-C stretching, skeleton vibration of the pyridine ring, and C-H stretching, respectively (Fig. 2c) . All characteristic absorption bands from the wall material and chlorpyrifos appeared in the FTIR spectrum of chlorpyrifosloaded microcapsules (Fig. 2b) . From the TG curves of chlorpyrifos and the microcapsules (Fig. 3) , it can be seen that the weight loss of chlorpyrifos occurs in one stage at 140-235°C, while that of the microcapsules takes place in two stages at 170-280°C and 280-450°C, respectively. Figure 4 shows the stability of microcapsules in media of different pH values. When exposed to neutral medium, the ER values remained keep constant, but dropped quickly from 94.5 to 45% and to 22.5% in media buffered at pH 5 and 9 after 1 day, respectively. In buffer solution at pH 9, ER was 5% and 0% after 2 and 3 days, respectively. Similar results were observed after 3 and 4 days in buffer medium at pH 5, respectively.
Stability of microcapsules in medium
Vol 
Results of bioassay
The bioassay results of CEF and CCF against 3 rd -instar S. litura larvae are shown in Table 1 . The 50% lethal concentration (LC 50 ) is usually used in insecticide bioassays at various intervals. The initial 24-hr LC 50 values for CEF and CCF were 22.5 and 29.8 mg/l, respectively. For CEFs, the LC 50 values on the 4 th , 8 th and 16 th day were 34.8, 66.7 and 141.8 mg/l, respectively. For CCFs, these were 29.3, 33.9 and 38.2 mg/l, respectively.
Discussion
The morphology of the prepared microcapsules in this study could be observed on the SEM images. The spheroidal appearance and rough, wrinkled surface result from the interfacial polymerization of emulsion globules, the branched molecular structure of TIPDI and drying during sampling for SEM. 9) The fact that the characteristic absorption peaks of the wall material and chlorpyrifos appeared in the FTIR spectrum of microcapsules provided additional evidence that the insecticide chlorpyrifos had been encapsulated. 17) TG curves presented other evidence of the microencapsulation of chlorpyrifos. The weight loss of chlorpyrifos-loaded microcapsules in the first stage partly results from the vaporization of chlorpyrifos and benzene. The weight loss in the second stage is mainly ascribed to decomposition of the wall material. 14, 17) The initial weight loss of chlorpyrifos occurred at 140°C, while that of microcapsules occurred at a higher temperature (170°C), implying that the microcapsule walls retard the vaporization of chlorpyrifos.
The fact that the ER values hardly changed in neutral medium indicates that the prepared microcapsules were stable for a long period in medium at pH 7. This result can be attributed to preventing the core material, benzene solution of chlorpyrifos, from oozing out of the walls of microcapsules, which are constructed from densely crosslinked polyurea. In media buffered at pH 5 and 9, the polyurea walls, with hydrolysis, partly cracked, resulting in oozing of the core materials and a decreased ER value, implying that hydrolysis at pH 9 is stronger than at pH 5. For CCFs, the oozing of core materials is a prerequisite for the killing of insects.
The initial 24-hr LC 50 value of CEF of 22.5 mg/l indicates that chlorpyrifos is an efficient pesticide against 3 rd -instar S. litura larvae. CEF LC 50 values increase rapidly with time, reaching 141.8 mg/l on the 16 th day, which indicates that CEFs lost their efficacy rapidly as a result of the photodegradation of chlorpyrifos when exposed to the air. For CCF, the initial biotoxicity is mainly attributed to uncapsulated chlorpyrifos. The initial 24-hr LC 50 value (29.8 mg/l) of CCF is higher than that of CEF, implying that the initial activity of CCF was slightly lower than that of CEF. Compared with CEFs, however, the LC 50 values varied only from 29.8 to 38.2 mg/l within 16 days. This insignificant change indicated that the bioactivity of chlorpyrifos had been protected well with the wall of microcapsules and the CCFs could be used for long-term application. As mentioned above, the walls of microcapsules are constructed by crosslinked polyurea, which can prevent core materials from being released through the walls and also protect the activity of chlorpyrifos from the influence of ambient factors. Only when microcapsules are swallowed by larvae and the walls are degraded in their gastric juice, the pH of which is ca. 10, can CCFs play a role. From the results of the stability study and bioassay, it can be reasonably inferred that the gastric juice of S. litura larvae degrades crosslinked polyurea walls quickly.
In conclusion, with highly active and multifunctional wall materials, and compound stabilizers, chlorpyrifos-containing microcapsules can be quickly prepared by interfacial polymerization at room temperature. Formulations based on the prepared microcapsules can be stable for a long time in neutral medium. CCFs can release chlorpyrifos to kill insects soon after the microcapsules are swallowed. 
